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A b s t r a c t  
The d i s t r i b u t i v e  c i r c u i t  element model c o n s i s t s  of a c h a i n  of T 
e l emen t s .  
s h e e t  r e s i s t a n c e  of t h e  d i f f u s e d  l a y e r  c o n s t i t u t e s  the  s e r i e s  pa th .  
shun t  p a t h s  a r e  t h r e e  f o l d ,  c o n s i s t i n g  of the  diode t o g e t h e r  w i t h  a 
s e r i e s  r e s i s t a n c e ,  a conductance and a l i g h t  genera ted  c u r r e n t  sou rce .  
F o r  a g i v a c e l l ,  the  parameters used i n  t h e  model can  be obta ined  by 
measuring the p o t e n t i a l  p r o f i l e s  f o r  r e v e r s e  -b i a sed ,  forward-biased and 
s h o r t - c i r c u i t e d  i l l u m i n a t e d  c o n d i t i o n s  and f e e d i n g  t h e  data  obta ined  from 
the  measurements i n  t h e  s o l u t i o n  of t h e  d i f f e r e n t i a l  e q u a t i o n s  f o r  t h e  
model. 
f o r  t h e  c e l l .  
The e l emen ta l  model i s  made up of s e r i e s  and s h u n t  p a t h s .  The 
The 
The model has been s u c c e s s f u l l y  employed t o  compute optimum g r i d d i n g  
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INTRODUCTION 
R e s i s t i v e  compoiicitt s i n  s o l a r  c e l l s  cause  power d i s s i p a t i o n .  The 
loss  due t o  the  s h e e t  r e s i s t a n c e  of t he  d i f f u s e d  l a y e r  can  be minimized 
by a g r i d  s t r u c t u r e  c o n t a c t .  The purpose of th i s  work i s  the  d e r i v a t i o n  
, of a model f o r  a s o l a 1  c e l l  s u i t a b l e  f o r  the  a c c u r a t e  d e s i g n  of an o p t i -  
ilia1 g r i d .  Wolf s t u d i e d  the  g r i d  s t r u c t u r e  of a s o l a r  c e l l  u s ing  a 
lumped paramerer rnudel .  ‘Lhc q t i m i z e d  g r i d  c o n f i g u r a t i o n  based on t h e  
model d id  no t  conform t o o  w e l l  w i th  t h e  expe r imen ta l  r e s u l t s .  
assumed a g r i d  conf ig t i r a t ion  and showed w i t h  the h e l p  of a d i s t r i b u t e d  
p i r ame te r  model t h a t  the  g r i d  c o n f i g u r a t i o n  was s a t i s f a c t o r y .  
Lamorte’ 
In t h i s  work a IIC’W d i s t r i b u t e d  parameters  model i s  de r ived  f o r  a n  
iingriddetl c e l l .  I t  c m s i s t s  of a d i s t r i b u t e d  r e s i s t a n c e  i n  t h e  ser ies  
p a t h  and shunted d iodes  w i t h  s e r i e s  r e s i s t a n c e  and c u r r e n t  sou rces  per  
d i f f e r e n t i a l  c e l l  leiigtli i n  t h e  shunt p a t h s .  The a n a l y s i s  of c e l l s  based 
on t h i s  model l e a d s  t u  a system of t h r e e  coupled, n o n - l i n e a r ,  f i r s t  o r d e r  
d i f f e r e n t i a l  e q u a t i o n s .  A s o l u t i o n  was reached by computer methods. Data 
f o r  the  s o l u t i o n  of the  e q u a t i o n s  was ob ta ined  from measurements of t he  
p o t e n t i a l  p r o f i l e s  a long  the  l eng th  of t h e  c e l l  under r e v e r s e - b i a s e d ,  
f orward-biased and i l  l i i m i  i i a t e d  s h o r t  c i r c u i t e d  c o n d i t i o n s .  An optimized 
g r i d  s t r u c t u r e  f o r  t he  c e l l  has  been ob ta ined  by maximizing the power d e n s i t y .  
SETTING UP OF ‘rw MODEL 
model of t h c  s o l a r  c e l l  i s  s e t  up under t h e  fo l lowing  assumptions: 
The c e l l s  a r e  r e c t a n g u l a r  i n  shape,  w i t h  t h e  d i f f u s e d  l a y e r  
exposed t o  t h e  r a d i a t i o n .  
The r e s i s t a n c e  of the base l a y e r  i s  n e g l i g i b l y  sma l l .  
The bottom of the  base l a y e r  has  a m e t a l l i c  c o n t a c t  over a l l  
the  a r e a .  
A r e c t a n g u l a r  c o n t a c t  s t r i p  i s  provided a t  one end of the d i f f u s e d  
l a y e r .  
The l e n g t h  of the  exposed a r e a  of t h e  c e l l  W i s  much l a r g e r  
t han  the  wid th  of t he  con tac t  
The c o n t a c t  r e s i s t a n c e s  of t h e m e t a l l i c  c o n t a c t s  are n e g l i g i b l y  
smal l .  
The c e l l s  a r e  homogeneous o r  t h e r e  are no p o t e n t i a l  v a r i a t i o n s  
along the  y - d i r e c t i o n  i n  F igu re  1 f o r  t h e  c e l l  under i l l u m i n a t e d ,  
s h o r t  - c i r  c 11 i t e  11 c ond i t  ions  . 
The c e l l s  a r e  assiimcxd t o  have a dep th  of one u n i t  l e n g t h  a long  
the  y - d i r e c t i o n .  
wc 
When exposed t o  r a d i a t i o n ,  the s u l a r  c e l l  a long i t s  l e n g t h  may be considered 
t o  be made up  of an i n f i n i t e  number of b a s i c  u n i t s  of t h e  type shown i n  
F i g i ~ r e  2a .  The load r e s i sLance  i s  connected a c r o s s  the  u n i t  a t  x = W .  
3 .  
I n  t h e  b a s i c  u n i t ,  t h e  d i f f u s e d  l a y e r  i s  r e p r e s e n t e d  by a d i s t r i b u t e d  
c o n s t a n t  r e s i s t a n c e  p p e r  u n i t  l eng th .  g i s  t h e  shun t  conductance p e r  
u n i t  l e n g t h ;  i s  t h e  series r e s i s t a n c e  of t h e  diode pe r  u n i t  l e n g t h ;  
JR 
i s  the  l i g h t  genera ted  or  r a d i a t i o n  c u r r e n t  d e n s i t y  and i s  propor-  
t i o n a l  t o  t h e  i n t e n s i t y  of l i g h t  i f  the  s p e c t r a l  d i s t r i b u t i o n  of t h e  
r a d i a t i o n  i s  n o t  v a r i e d .  JR i s  the  same f o r  a l l  u n i t s .  The d iodes  i n  
the  v a r i o u s  u n i t s  are assumed t o  be i d e n t i c a l  and a r e  c h a r a c t e r i z e d  by 
t h e i r  r e v e r s e  s a t u r a t i o n  c u r r e n t  d e n s i t y  
t h e  p r o p e r t i e s  of the m a t e r i a l .  
d iode .  
r 
Jo , which i s  determined by 
i s  the c u r r e n t  d e n s i c y  thi-rugh the JD 
The e q u a t i o n s  d e s c r i b i n g  t h i s  model a r e  
= - g V(x) - J D ( x )  + JR dx 
V(x) = VD(x) + J D ( x )  r 
According t o  t h e  Schokley d iode  equa t ion  
Hence e q u a t i o n  3 changes t o  
1 JDW 
JO 
V(x) = - &n (- + 1 )  + J D ( x )  r a 
D i  f f e r e n t  i a  t i n g  
o r  
d J D  + r) -dV 1 - =  dx ( a ( J ~  f J o )  ax 
S u b s t i t u t i n g  Equa t ion  6 i n  Equation 1 
c 
. 
X R a t i o n a l i z i n g  Equat ions  7 ,  1 and 2 by p u t t i n g  - = 5 W 
- = - p I(<) w d <  
4 .  
Equat ions  8, 9 and 10 a r e  a system of n o n l i n e a r ,  coupled f i r s t  o r d e r  d i f -  
f e r e n t i a l  equa t ions .  There a r e  th ree  boundary c o n d i t i o n s  necessa ry  f o r  a 
unique s o l u t i o n .  I n  o r d e r  t o  determine I (<) ,  J,(S) and V ( 5 )  from the  
above equa t ions  i t  i s  necessa ry  t o  know the  parameters  p ,  g ,  r ,  Jo and 
of cour se  , JR f o r  a g iven  i l l u m i n a t i o n  level .  
Determina t ion  of J& 
The r a d i a t i o n  c u r r e n t  d e n s i t y  i s  n o t  d i r e c t l y  a c c e s s i b l e  t o  measurements 
b u t  can be e s t ima ted  from t h e  open c i r c u i t  v o l t a g e  of t he  c e l l .  Under 
i l l u m i n a t e d  c o n d i t i o n  b u t  no load  o r  b a t t e r y  connected a c r o s s  t h e  c e l l ,  
I(<) = 0. Hence i n  each  u n i t  of the model, J f lows  through t h e  shun t  
conductance g and t h e  s e r i e s  connec t ion  of !he r e s i s t a n c e  r and the  
d iode  caus ing  an open c i r c u i t  vo l t age  . The c u r r e n t  f lowing  through 
g i s  seen  t o  be  s e v e r a l  o r d e r s  of s m a l l e r  than  J, and can u be neg lec t ed .  Hence JR = J,, f o r  open c i r c u i t .  The re fo re ,  making use of 
E q .  4 
o r  
1 JR 
J O  
- t n  (- + 1) - (Voc - r J R )  = 0 a 
can  be computed numer i ca l ly  from t h e  
and r a r e  known. 'OCy JR 
For  a measured va lue  of 
t r a n s c e n d e n t a l  Eq. 11 , provided 
De te rmina t ion  of p and g . 
J O  
The pararnetels g and ;i can b e  i n v e s t i g a t e d  by cons ide r ing  the  un- 
i l l u m i n a t e d  c e l l  under reverse-b iased  c o n d i t i o n .  The model f o r  t h i s  ca se  
i s  g i v e n  i n  F igure  2 b .  The c e l l  a long i t s  l e n g t h  i s  e q u i v a l e n t  t o  a lossy 
~ . 5. 
t r a n s m i s s i o n  l i n e  and governed by E q .  1, 2 and 3 w i t h  J ( x )  = JR = 0. 
Hence D 
E q .  12 and 13 may b e  r e w r i t t e n  as 
d2V(x) 
2 = P g V(X> 
dx 
The s o l u t i o n s  of E q .  14 and 15 a r e  
V(x) = A e a x  + B e  - d E  x 
I ( x )  = C e - 4 z - x  + D e  a x  
A ,  B ,  C y  and D a r e  c o n s t a n t s  of i n t e g r a t i o n .  The p h y s i c a l  c o n f i g u r a t i o n  of 
t h e  c e l l  s u g g e s t s  t h a t  I ( x )  i s  zero a t  x = 0. 
Hence C = -D 
I- 
and 
o r  I ( x )  = 2D s inh  x 
I ( x )  = D [ e  G X  -e -%Pg x ] 
I f  
v = V(x = 0) 
v = ( x  = W )  
e 
a 
and 
a r e  known, E q .  16 and 1 7  y i e l d  
Ia = I ( x  = W) 
. 6 .  
-1 'a 
'e 
- JV- a e (1 V I a  cosh - )  P -  
'a -1 'a (w cosh - )  
4 i m  'e 
1 
g =  
e a 
va,  Ia' V and W f o r  a g iven  c e l l  can  be obta ined  from measurements 
under r evgr se -b ia sed  c o n d i t i o n .  
unknown c o n s t a n t s  p and g of t h e  model. 
Hence E q .  (18 )  and ( 1 9 )  de te rmine  the  
I n  o r d e r  t o  check the  v a l i d i t y  of the  model, the  above va lues  f o r  
p and g were s u b s t i t u t e d  i n  Eq. 20 of t h e p o t e n t i a l  p r o f i l e  V(x) and 
the  r e s u l t  p l o t t e d .  
g i v e n  c e l l  i n  the  r e v e r s e - b i a s e d  case a r e  shown i n  F igu re  3 f o r  t h r e e  
d i f f e r e n t  va lues  of 
De te rmina t ion  of and r 
The computed and measured p o t e n t i a l  p r o f i l e s  f o r  a 
'a. 
JO 
J- 
and r can be i n v e s t i g a t e d  by c o n s i d e r i n g  an The parameters 
un i l lumina ted  c e l l  under forward-biased c o n d i t i o n .  The model f o r  t h e  
c e l l  f o r  t h i s  case i s  shown i n  Figure 2c. This  model i s  desc r ibed  by 
t h e  fo l lowing  s e t  of Equat ions  2 1 ,  22, and 23 which a r e  s i m i l a r  t o  
Eq. 8, 9 and 10 bu t  w i t h  J = 0 R 
= - W[g V(x) + J,(5)] 
d S  
X F: = - " w -  where 
The s e t  of E < ; .  2 1 ,  2 2 ,  and 23 i s  a system of n o n l i n e a r ,  coupled,  f i r s t  
o r d e r  d i f f e r e n t i a l  e q u a t i o n s .  There a r e  t h r e e  boundary c o n d i t i o n s  necessary  
f o r  a unique s o l u t i o n .  The boundary c o n d i t i o n  Ie = 0 stems from the  
p h y s i c a l  c o n f i g u r a t i o n  and i s  d iscussed  e a r l i e r .  The remaining two boundary 
I 
c o n d i t i o n s  e n t e r  the problem as exper imenta l  c o n s t r a i n t s .  These two 
boundary c o n d i t i o n s  are n o t  independent of each  o t h e r  s i n c e  t h e  d i f f e r -  
e n t i a l  e q u a t i o n s  a r e  coupled w i t h  each o t h e r .  A knowledge of V = V(x+) 
or  Ve = V(x=O) h e l p s  t o  de te rmine  JD = JD(x=W) or 
r e s p e c t i v e l y  from the  t r a n s c e n d e n t a l  e q u a t i o n  (ll),  
r e p l a c i n g  V by V o r  V . 
= J,(;=O) 
JD e 
oc e a 
Taking Va: J- and I = 0 as  t h e  boundar i e s ,  t h e  problem becomes a 
boundary v a l u e  
boundar i e s ,  t h e  problem becomes a n  i n i t i a l  v a l u e  problem. e 
much more s u i t a b l e  f o r  numerical  c a l c u l a t i o n s  b u t  has t h e  d i sadvan tage  of 
i nvo lv ing  q u a n t i t i e s  which a r e  only of minor i n t e r e s t ,  namely V and JD 
i n  p l a c e  of t h e  d i r e c t l y  app l i ed  q u a n t i t i e s  Va and 
"a prob leg  whereas i f  Ve, me and I = 0 zrs +-l-? LULL-. as 
The l a t t e r  i s  
e e 
JD a 
The e q u a t i o n s  w i t h  
The sys tem of E q .  2 1 ,  22 and 23 i s  n o t  s o l v a b l e  a n a l y t i c a l l y .  A 
c losed  form s o l u t i o n  can  be found only f o r  
f i n i t e  va lues  f o r  r and g can  be so lved  on a d i g i t a l  computer w i t h  a 
s t a n d a r d  program f o r  the  s o l u t i o n  of systems of f i r s t  o r d e r  d i f f e r e n t i a l  
r = g = 0. 
e q u a t i o n s  u s i n g  Adams-Moulton's method w i t h  a Runge-Kutta s t a r t e r .  3 
7.  
For a g iven  c e l l ,  the  measurement of a p o t e n t i a l  p r o f i l e  a long  the  
'a l e n g t h  of the  c e l l ,  
and a c u r r e n t  Ia . Taking V from t h e s e  measurements, t h e  
cox responding  
e q u a t i o n s ,  
J , the  q u a n t i t i e s  V(c), I(5) and J ( 5 )  a r e  obta ined  from the  computer. 
TEe assumed va lues  of r and 
2 2 ,  23  and 11 t i l l  the computed values  of 
measured v a l u e s .  F igu re  4 shows p o t e n t i a l  p r o f i l e s ,  computed and measured 
f o r  a g iven  c e l l  f o r  d i f f e r e n t  values  of app l i ed  forward p o t e n t i a l s  V . 
The r e s u l t i n g  va lues  of r and J t o g e t h e r  w i t h  p and g compute8 
e a r l i e r  a r e  a l s o  t a b u l a t e d  i n  the  Yigure. F igu re  5 shows JD(x)  and 
I ( x )  which correspond t o  the  computed curve 1 of F igure  4 .  As x i n c r e a s e s ,  
V(x) i n c r e a s e s  from Ve t o  V . Since  JD depends upon V(x),  JD(x) 
i n c r e a s e s  a s  x i n c r e a s e s .  Ifx) i s  z e r o  a t  x = 0 and i n c r e a s e s  a s  x 
i n c r e a s e s  i n  the nega t ive  d i r e c t i o n .  
V ( 5 )  i s  made f o r  a g iven  forward b i a sed  v o l t a g e  
and Ie = 6 f o r  boundary c o n d i t i o n s  of the  d i f f e r e n t i a l  
e knowing p and g and assuming some va lues  of r and JD 
D a r e  v a r i e d  i n  t h e  s o l u t i o n  of Equat ions  21, 
Va and Ia match w i t h  t h e  JO 
OPTIMIZATION OF THE CELL GEOMETRY 
I t  has been shown that: the  parameters of the model can  be obta ined  by 
measuring p o t e n t i a l  p r o f i l e s  i n  a g i v e n  c e l l  under r e v e r s e - b i a s e d ,  foiward- 
b i a s e d  and i l l u m i n a t e d  s h o r t - c i r c u t e d  c o n d i t i o n s .  The model can  be used 
f o r  the d e t e r m i n a t i o n  of op t imal  c e l l  geometr ies .  The f e a s i b l e  l e n g t h  of a 
c e l l  w i t h  one c o n t a c t  i s  l i m i t e d  mainly by the  d i f f u s e d  l a y e r  r e s i s t a n c e  2 .  
The l e n g t h  can  be optimized by maximizing e i t h e r  t h e  power p e r  c e l l  o r  the 
power d e n s i t y ,  i . e .  maximum power p e r  u n i t  c e l l  l e n g t h .  The l a t t e r  approach 
i s  impor tan t  f o r  gr idded  c e l l s .  Before d i s c u s s i n g  t h e s e  two p o s s i b i l i t i e s ,  
the  l o s s  a s s o c i a t e d  w i t h  a con tac t  w i l l  be d i scussed .  
Losses a t  t h e  Contact  
8 .  
So f a r  i n  the  a n a l y s i s ,  t he  metal  c o n t a c t  was assumed t o  be of n e g l i g i b l e  
width and t o  cause n e g l i g i b l e  l o s s .  T h i s  assumption i s  v a l i d  on ly  f o r  l a r g e  
c e l l s .  I n  small  c e l l s  Lhe l o s s e s  a t  the c o n t a c t  become a n  impor t an t  f a c t o r .  
R e f e r r i n g  t o  F ig .  1, V(x) iinder the  metal l ic  c o n t a c t  may be assumed t o  be 
c o n s t a n t  and e q u a l  t o  Va. I t  h a s  been observed4 t h a t  t h e  metal  t o  semi- 
conductor  c o n t a c t  r e s i s t a n c e  i s  very small  and may be n e g l e c t e d .  S ince  
l i g h t  does noc r each  i i i   lie p a r t  of :he cell covered by the metal l ic  c o n t a c t ,  
t he  l i g h t  gene ra t ed  c u r r e n t  i n  t h i s  p a r t  i s  z e r o  and f o r  normal s o l a r  c e l l  
o p e r a t i o n  t h i s  r e g i o n  can  be lumped i n t o  a forward b i a s e d  d iode .  Thus, 
t h e  ou tpu t  c u r r e n t  c o l l e c t e d  a t  the  c o n t a c t  i s  decreased by the c u r r e n t  
f lowing through the  diode under the  c o n t a c t .  S ince  t h e  c o n t a c t  w i d t h  has 
been a d d e d  t o  the c e l l  l e n g t h ,  t he re  w i l l  be a d e c r e a s e  i n  t h e  c u r r e n t  and 
power d e n s i t y  of t h e  c e l l .  
Optimal Length of an  Ungridded C e l l  
The e f f e c t  of t he  l e n g t h  of an ungridded c e l l  on t h e  performance of a 
s o l a r  c e l l  can be s t u d i e d  by computing JD(x) and I ( x )  f o r  an i l l u m i n a t e d  
c e l l ,  s h o r t - c i r c u i t e d  between the mctall ic c o n t a c t  and the bottom of the  
base l a y e r .  F ig .  ( 6 )  shows t h e  v a r i a t i o n  of I ( x )  and J ( x )  f o r  such 
a c e l l  wi th  F i g u r e  ( 6 )  shows t h a t  t hose  p a r l s  of t h e  c e l l  
l y i n g  a t  a d i s t a n c e  g r e a t e r  t han  about 1 c m  do n o t  c o n t r i b u t e  s i g n i f i c a n t l y  
t o  I ( x ) .  Fo r  those p a r t s  of t h e  c e l l ,  a s i g n i f i c a n t  c o n t r i b u t i o n  goes 
through 
Voc = 0.53V. 
JD ' 
Another p o i n t  of view i s  i l l u s t r a t e d  i n  F i g .  ( 7 )  where t h e  ou tpu t  
i s  p l o t t e d  vs the  ce l l  l e n g t h  f o r  a n  i l l u m i n a t e d  c e l l  f o r  
Ia i n c r e a s e s  a lmost  'a 
Cur ren t  
v a r i o u s  l e v e l s  of i l l u m i n a t i o n .  I t  i s  seen  t h a t  
l i n e a r l y  up t o  a c e r t a i n  le r?g th ,  which depends upon the  l e v e l  of i l l u m -  
i n a t i o n .  Then la l e v e l s  o f f  sha rp ly  t o  a c o n s t a n t  valrie. For maximum 
s h o r t - c i r c u i t  c u r r e n t  t h e  l e n g t h  of t he  c e l l  i s  about  1 cm. 
Op t imiz ing  a Gridded C e l l  
For c e r t a i n  a p p l i c a t i o n s  such as  i n  l i m i t e d  a v a i l a b l e  space ,  a n  out-  
pu t  q u a n t i t y  o t h e r  than the  maximum power i s  of major i n t e r e s t .  The power 
d e n s i t y  o r  t h e  ou tpu t  power p e r  u n i t  l e n g t h  i s  g i v e n  by 
- 'a 
Pa - w + w c  
I n  F i g .  ( 8 )  the  maximiim power d e n s i t y  i s  p l o t t e d  a g a i n s t  t he  l e n g t h  W of the  
a c t i v e  a r e a  of a c e l l  f o r  v a r i o u s  va lues  of W . A s  expec ted ,  t he  sma l l e r  
t h e  va lue  of W the l a r g e r  the maximum power d e n s i t y .  W i s  decided c y  C by l a h o r a t o r y  techniq t ies .  The opLiiiial c e l l  l e n g t h  W fo11oi;s from F i g .  ( 8 )  
ant1 d e c i d e s  the  s e p a r a t i o n  between g r i d  l i n e s  f o r  maximum power d e n s i t y .  
C 
9 .  
CONCLUSIONS 
The model of the s o l a r  c e l l  developed i n  t h e  paper i nc ludes  f i v e  
c o n s t a n t s .  These c o n s t a n t s  a r e  computed from measurements and s o l u t i o n s  of 
the d i f f e r e n t i a l  equa t ions  desc r ib ing  the  measurements as follows: 
V and Ia of the reverse-biased c e l l .  'e' a Computing p and g from these  measurements. 
(a )  Measuring a s e t  of 
( b )  Measuring V , V and Ia of the  forward-biased ce l l .  Computing 
Fromathe measurements and d i f f e r e n t i a l  equa t ions .  
JO 
r and 
JR of the i l l umina ted  ce l l .  Computing vOC ( c )  Measuring 
The fol lowing conclusions may be drawn: 
(a )  The computed p o t e n t i a l  p r o f i l e s  of t he  c e l l  a r e  i n  agreement with 
measurements. 
( b )  Output c u r r e n t  and power can be computed as a f u n c t i o n  of the 
l e n g t h  of the a c t i v e  a rea  of the i l l umina ted  c e l l .  
( c )  The output  power dens i ty  can be computed as a f u n c t i o n  of the 
a r e a  of the a c t i v e  length and width of c o n t a c t  s t r i p .  
The above a n a l y s i s  can be used t o  optimize the g r i d  s t r u c t u r e  i n  a c e l l  
by making the t h r e e  s e t s  of measurements and programming the s o l u t i o n s  on 
a d i g i t a l  computer. 
. 
. 10. 
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